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Abstract
In this study, the work function difference between the two terminations
of SrTiO3 (STO) is investigated. The two terminations i.e. SrO and TiO2
are formed by annealing the STO sample at 1200◦C for 12 hours in air at
ambient pressure. To collect more information about this perovskite
oxide, we study this material in AFM and LEEM. We distinguish the two
terminations, calculate the step heights between the unit cells and record
LEEM Multi dark-field images showing different surface reconstructions.
To measure the work function difference, three methods are used:
Energy-filtered PEEM, Intensity-Voltage curves and the comparison
between LEEM real-space data and simulations. All methods showed
that the work function difference is lower than predicted by theory.
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Chapter1
Introduction
The work function of a material is an interesting property which is defined
as the energy required to take an electron out of a material and put it into
the vacuum and can be described as Evac − EF. An example for which
knowledge of the work function of a material is useful is solar cells [1].
Here, discontinuities of energy levels between different materials have a
large effect on the properties and performance of the solar cells.
Furthermore, the work function of a material is useful information for
photo emission electron sources [2]. Instead of using an electron gun, a
material is illuminated with a laser. The emitted electrons can be used in
experiments, for example to image a sample in an electron microscope. To
emit electrons from the material, the work function must be overcome by
the photon energy. Because of this, people are interested to find materials
with a low work function. Cesium for example, has a low work function
(2 eV) [3] and is a good element to use. However, Cesium has a limited
lifetime, so this material is not ideal for most applications [4].
Investigating the work function of a material is difficult with a Low
Energy Electron Microscope since the exact landing energy of electrons on
a material is hard to measure, whereas investigating a difference in work
function between two materials is easier. In this study, we want to mea-
sure a work function difference of a material with a large work function
difference predicted by theory. Jabobs et al. [5] have published a list of
theoretically calculated work function differences between the two termi-
nations of various perovskites. Some calculated work function differences
are large (about a few eV) compared to work function differences between
other materials, for example LaTiO3 which has a work function difference
of 0.4 eV [5]. From this list, we choose SrTiO3 (STO) since samples of this
perovskite are easy to buy and easy to prepare. By creating a surface which
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contains both terminations, SrO and TiO2, we are able to measure the work
function difference. Experimental research about the work function differ-
ence of STO has been done [6] [7], but the predicted work function differ-
ence of 3.15 eV, mentioned in [5], has not been measured.
We aim to measure this work function difference by using a Low En-
ergy Electron Microscope and performing several methods. Firstly, we
use Energy-filtered PEEM, which will be described in Section 5.1. Another
method to determine a work function difference is to look at IV-curves [8],
see Section 5.2. Finally, we simulate the electrons between the objective
lens and the sample in the LEEM to find the work function difference, see
Section 5.3.
Besides measuring the work function difference of STO, we perform
measurements to collect information about the perovskite oxide itself to
determine which domain is which termination, calculate the step heights
and image multi dark-field images. These experiments are described in
Chapter 4.
8
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Chapter2
Theoretical background
In this chapter we introduce the concept of the work function and provide
the theoretical background behind this work function (Section 2.1). Fur-
thermore, we introduce the perovskite oxide crystal that we used through-
out this project (Section 2.2).
2.1 Work function
The work function (φ) is defined as the difference in potential energy of an
electron between the vacuum level and the Fermi level [9] and is given by
the formula:
φ = Evac − EF (2.1)
The vacuum level (Evac) is the rest energy of an electron at such a distance
from the sample that it does not feel any electrostatic force from the sur-
face, which is commonly larger than 100 A˚. The Fermi level (EF) is the elec-
trochemical potential of the electrons in the material at T = 0 K. In words,
we can also say that the work function is the energy required to take an
electron out of a solid surface and put it into a point in the vacuum.
In Low Energy Electron Microscopy the work function can be obtained
by looking at the required landing energy of an electron to enter a material.
It costs an electron energy to leave a material, conversely, an electron gains
energy when it enters a material. By looking close to the mirror mode
transition, which is the energy at which electrons enters a material, we
expect that we can detect this work function difference. The working of
a Low Energy Electron Microscope and the definition of the mirror mode
transition, will be described in Section 3.2.
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Suppose we have two materials: material 1 and material 2, where ma-
terial 1 has a lower work function (φlow) than material 2 (φhigh). When the
materials are far away from each other, the vacuum energy (Evac) is at a
constant level and therefore, the Fermi energies (EF) of both materials are
different. The Fermi Energy of material 2 will be lower than material 1,
due to the work function. This is sketched on the left side of Figure 2.1(a).
When both materials come closer to each other, the Fermi energies of
both materials equilibrate. A charge transfer occurs and hence an electric
Material 1 Material 2
𝐸F
′
𝐸F
𝐸vac
𝜙low 𝜙high
𝐸vac
Material 1 Material 2
𝐸vac
𝜙low 𝜙high
𝐸F
𝐸vac
′
(a)
(b)
Figure 2.1: Example of two materials where material 1 has a lower work function
(φlow) than material 2 (φhigh). (a) In the left picture, both materials are far away
from each other. The vacuum energy (Evac) is the same and therefore, the Fermi
energies (EF) differ due to the work function. In the right picture, both materials
are in contact with each other, which leads to an equal Fermi level. Due to the
work function, the vacuum energy of material 2 shifts up. (b) Simplified sketch
of Intensity-Voltage (IV) curves of the two materials. The work function changes
the mirror mode transition, which can be observed in the figure.
10
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2.2 The crystal structure of SrTiO3 11
field between the vacuum energies. This is sketched on the right side of
Figure 2.1(a). At an energy between E = EF + φhigh and E = EF + φlow
an electron flying to material 2 will interact with the surface, whereas an
electron that flies to material 1 is still in vacuum. So, an electron will get in
contact with material 2 at a more negative landing energy than an electron
that flies to material 1, which shows that the work function influences the
mirror mode transition point.
This results in different Intensity-Voltage (IV) curves, illustrated in Fig-
ure 2.1(b). Here, the intensity of a small area is measured, while changing
the potential of the sample and thus, the landing energy. This explains
why the x-axis contains Energy instead of Voltage. When the electrons
reach the surface they can be scattered or diffracted, which results in a
lower intensity measured by the detector. Note that this intensity is dif-
ferent for each material. Theoretically, this mirror mode transition is very
abrupt, which is also sketched in the IV-curves in Figure 2.1(b). In an ex-
periment, this step is broadened by the energy spread of the gun, which
is 200 meV. From the IV-curves we can determine the difference in work
function, which is basically the shift between both curves.
2.2 The crystal structure of SrTiO3
STO belongs to the crystal family of perovskite oxides. All perovskites
have the same crystal structure and the general chemical formula is given
by ABX3, where A and B are positively charged ions and X is a negatively
charged ion. For a perovskite oxide, A is a rare or alkaline earth metal, B
is a first row transition metal and X is oxygen [10]. For STO, A is Sr2+, B is
Ti4+ and X is O2−. This adds up to zero charge.
Figure 2.2: Atomic structure of STO at room temperature. The blue atoms cor-
responds to Sr, the black atom to Ti and the red atoms represent to oxygen. The
lattice is cubic and the lattice parameter is 0.4 nm.
Version of July 18, 2018– Created July 18, 2018 - 14:36
11
12 Theoretical background
In Figure 2.2, the atomic cubic structure of STO at room temperature is
shown. For temperatures lower than 110 K, the cubic structure changes to
a tetragonal structure [11] [12]. Since our measurements are performed at
and above room temperature, the STO crystal structure is cubic in all our
experiments. Figure 2.2 shows that STO consists of two different layers:
SrO and TiO2. At the surface, the material can thus be terminated by an
SrO layer or a TiO2 layer. Since the crystal is cubic, the distance between
both layers is half of the height of a unit cell, which has a length of 0.4 nm
[12] [13].
The theoretical predictions for the work functions of the two termina-
tions are [5]:
• The work function of SrO is: 3.18 eV
• The work function of TiO2 is: 6.33 eV
Consequently, the predicted work function difference between the termi-
nations is about 3 eV. This difference has not been observed experimen-
tally.
12
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Chapter3
Experimental & computational
methods
In this chapter we describe experimental and computation methods we
used throughout this project. We study STO using Atomic Force Microscopy
(AFM) principles and Low Energy Electron Microscopy (LEEM). The work-
ing of an AFM instrument is described in Section 3.1, the working of a
LEEM instrument is described in Section 3.2. To measure the work func-
tion difference, we compare LEEM experiments with simulations of STO.
The latter are explained in Section 3.3.
3.1 Atomic Force Microscope
An Atomic Force Microscope (AFM) works different from an optical mi-
croscope since it does not rely on electromagnetic radiation, like photons,
to produce an image. An AFM detects forces, such as van der Waals forces,
and uses these to form images. An AFM has a better resolution than an
optical microscope: typically 0.2 nm in the horizontal direction and 0.05
nm in the vertical direction [14]. Figure 3.1 shows the setup of an AFM.
A cantilever with a sharp tip at the end is positioned close to the sam-
ple. The radius of the tip is between 10 and 20 nm. The tip is attracted or
repelled by forces from the surface. To measure the resulting deflecting of
the cantilever, its back is illuminated with a laser beam. This laser light re-
flects to a photo detector whose output signal is collected by a differential
amplifier. In this way, the position of the laser beam can be detected. Any
bending in the cantilever, for example because the cantilever is pushed
into the sample and bent through van der Waals forces, causes changes in
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Figure 3.1: Working principle of an AFM. A cantilever with a sharp tip at the end
is placed close to the sample. The back of the cantilever is illuminated with a
laser light, which reflects to a photo detector. The output of the photo detector is
collected by a differential amplifier. The picture is taken from [14].
the directions of the reflected beam and thus the position of the tip can be
measured. With a Z-scanner we can move the cantilever up and down,
with an XY-scanner we can move the sample.
One technique to scan the surface is called ’contact mode’. In this tech-
nique, the tip is in contact with the sample surface. When a height differ-
ence occurs, the cantilever bends. By using a feedback loop the cantilever
will bend back and in this way, we can make a topographic map of the
sample. However, this technique has some disadvantages: since the tip is
constantly touching the surface of the sample, it can be damaged by the
sample and therefore, the quality of the images can reduce. Similarly, the
sample can be damaged because of the contact of the tip.
Another technique, which is the one we use, is called ’tapping mode’.
Here, the tip oscillates just above the surface at its resonance frequency.
When a height difference occurs, the frequency of the cantilever changes
due to van der Waals forces. A feedback loop corrects for these changes
and in this way, we can measure the height of the tip.
3.2 Low Energy Electron Microscope
A Low Energy Electron Microscope (LEEM) works, in some ways, similar
to an optical microscope: a part of the sample is illuminated by particles
and the reflected particles form an image and are focused on the detec-
tor. Instead of illuminating the sample with photons, electrons are used in
14
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a LEEM. Another difference is that a LEEM uses electromagnetic lenses,
instead of glass lenses. Since the wavelength of electrons is smaller than
photons, the resolution of a LEEM is better than of an optical microscope.
The resolution of a microscope is given by the Abbe diffraction limit:
d =
λ
2NA
(3.1)
NA is the numerical aperture given by NA = n sin(θ), n is the refraction
index and θ is the angle between the beam and the normal. For visible
light the wavelength of a photon is about 200− 500 nm and the resolution
is about 200 nm [15]. To measure sensitive surface profiles with a higher
resolution, so a smaller d, we need radiation with a smaller wavelength
λ. By using the de Broglie formula, we see that heavier particles, i.e. elec-
trons, corresponds to smaller wavelengths.
λ =
h
p
=
h√
2mE
(3.2)
E is the energy, h is the Plancks constant, p is the momentum of the particle
and m is the mass. A LEEM decelerates electrons to low energies, 0 to 100
electronvolt, to image the surface. At 5 eV the wavelength of an electron
is about 0.5 nm. The best resolution obtained in the ESCHER∗ setup is 1.4
nm [16]. Because of the low energy, the electrons have a lower mean free
path and damage the sample less than in a Scanning Electron Microscope
or a Transmission Electron Microscope where electrons have energies in
the range of kiloelectronvolts.
Figure 3.2 shows the setup of the LEEM. Electrons are emitted from
an electron gun, shown at the top of the figure, with 15 keV. With this
energy, the electrons travel through the setup and pass a few lenses that
focus the electron beam and some deflectors which steer the beam. Next,
the electron beam enters the first magnetic prism array (MPA1), which
bends the beam by 90◦ towards the sample. Then, the beam is focused
to the sample by the objective lens (OL). The reflected electrons are bent
through the first magnetic prism array by again 90◦ to the detector. Before
entering the detector, they travel to the aberration corrector, marked by
the yellow part. Here, an electrostatic mirror corrects aberration induced
by the objective lens. This improves the spatial resolution from 5 nm to
1.4 nm [16]. Finally, the electrons are bent via the second magnetic prism
array to the detector where the electrons will be focused by lenses P1-P4.
∗Electronic, Structural and CHEmical nanoimaging in Real time
(name of the LEEM setup in Leiden)
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Figure 3.2: Setup of the LEEM, adapted from [17]. The path of the electrons to
form a real-space image (blue) and a diffraction image (red) are shown.
16
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The electrons reach the sample at a low energy, which is achieved by
raising the sample voltage to -15 kV + V0. Because of this electric field,
the electrons are decelerated and reach the sample at 0 eV. We can tune the
landing energy by modifying the sample voltage by a potential V0 of up
to 100 V. If the landing energy is negative, this is called mirror mode, the
electrons turn around just before any interaction with the sample happens.
The sample then behaves as a mirror. At the mirror mode transition, which
is at 0 eV, the landing energy becomes positive and the electrons start to
interact with the sample where they can be absorbed or reflected by the
sample. The reflected electrons are accelerated back to 15 keV.
3.2.1 LEED
A diffraction pattern, which is the angular distribution of the electron
waves, scattered of a periodic surface, is formed in the back focal plane
of the objective lens. A real-space image is formed in the center of the first
magnetic prism array (MPA1). Switching between imaging and diffrac-
tion mode is possible by turning on and off lens P2 (see Figure 3.2). As
described in Section 2.2, STO exists of two terminations, i.e. SrO and TiO2.
Note that due to a 2D representation of a Peierls transition, these termi-
nations are reconstructed. Each termination has a different reconstruction
which can be observed in the diffraction images. The unit cells become
bigger due to the reconstruction, which means that in refraction space, the
unit distances between diffracted electron spots will be smaller, i.e. the
Brillouin zone becomes smaller.
To explain Low Energy Electron Diffraction (LEED), we look at the
diffraction pattern of HF-etched STO with a mixed termination, which
is showed in Figure 3.3(a). This pattern looks complicated, but we can
reduce this to two ’simple’ reconstructions: one from SrO and one from
TiO2. In the case of SrO, the unit cell becomes two times bigger due to the
reconstruction, which means that in diffraction space, the unit cell of SrO
will be two times smaller. This is called a 2× 2 reconstruction [18] [19].
TiO2 contains a more complicated reconstruction, namely a
√
13 × √13
R33.7 reconstruction [20]. R33.7 means that this reconstruction contains
two diffraction patterns reduced in size by
√
13 at an angle of +33.7◦ and
-33.7◦.
From the reconstructions, we can calculate where the electron spots
will be in diffraction space. The calculated positions of these spots are pre-
sented in Figure 3.3(b). The magenta spots are the primitive Bragg peaks
of the crystal. The blue, red and green spots contain information about the
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(a)
33.7°
(b)
Figure 3.3: Diffraction pattern of STO (a) measured via LEED, (b) calculated via
Python. The magenta spots represent unreconstructed STO and show the prim-
itive Bragg peaks of the crystal. The diffraction pattern contains two reconstruc-
tions. The 2× 2 reconstruction that stems from the SrO-termination, is indicated
by the blue spots in (b). TiO2-termination has a
√
13×√13 R33.7 reconstruction,
which means that this reconstruction contains two rotations, and is represented
by the red and green spots in (b).
surface of the crystal. The blue spots are from the 2× 2 reconstructed SrO-
termination and the red and green spots corresponds to the two different
rotations of the
√
13×√13 R33.7 reconstructed TiO2-termination. One of
the angles of the rotation is shown in Figure 3.3(b).
A comparison of these two Figures 3.3(a) and (b) reveals that we can
predict what the LEED pattern of the material looks like if the reconstruc-
tions are known. Typically, this is done the other way around: determining
from the LEED pattern what the reconstructions are.
3.2.2 Bright-field and dark-field imaging
A strong application of the LEEM is that we can combine real-space imag-
ing with diffraction information. By placing an aperture in the backfocal
plane, we can select electrons that are diffracted under a certain angle.
By putting an aperture around the center spot, only the specular reflected
electrons are selected. These are the electrons that leave the sample at
18
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their incoming angle. Using only these electrons, a real-space image can
be recorded. This is called bright-field imaging. We can also place an aper-
ture around a diffraction spot, this is called dark-field imaging.
By combining multiple dark-field images, a multi dark-field image can
be made. Using different colors, it can be showed in real-space which
termination contains which reconstruction.
3.2.3 PEEM
Instead of using electrons emitted via an electron gun, we are also able to
take an image of the sample using Photo Emission Electron Microscopy
(PEEM). In this technique, we make use of the photo electric effect. In
PEEM experiments, we irradiate the sample with UV-light using a HeI/
HeII-discharge lamp. The emitted electrons that leave the sample are ac-
celerated to 15 keV by the electric field between the sample and the objec-
tive lens and follow the same path as electrons do in a LEEM experiment,
see Figure 3.2.
Since we can illuminate a larger area with PEEM than using the elec-
tron gun with LEEM, we use this technique to align the optics and more-
over as a localization technique. In particular, we used PEEM to find back
the same area we measured with AFM in the Low Energy Electron Mi-
croscope (this will be described in Section 4.3). Additionally, we used
Energy-filtered PEEM to measure the work function difference of the two
terminations of SrTiO3.
Energy-filtered PEEM
In Energy-filtered PEEM, we utilize the angular and energy distribution
of electrons coming from the sample. In Figure 3.4(a), which is adapted
from [21], the angular distribution of electrons with three different ener-
gies is imaged in the backfocal plane of the objective lens. This induces
three circular discs, where the radius is proportional to the square root
of the energy since this is the dispersion relation of free electrons in vac-
uum. Plotting this together with the dimension of the energy results in
a paraboloid, shown in Figure 3.4(b). When the electron beam travels
through the magnetic prism array in Figure 3.2, the energy axis is skewed
due to the dispersive field. Figure 3.4(c) shows this situation.
When doing Energy-filtered PEEM, we put a slit in the k-plane to se-
lect electrons of a certain kx value. This slit is indicated in Figure 3.4 by
the purple line. Projecting the skewed paraboloid in Figure 3.4(c) into the
backfocal plane, we obtain a ky versus E spectrum at kx = 0. The energy
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a
ky
E
Figure 3.4: Explanation of Energy-filtered PEEM. We put a slit in the k-plane to
select electrons of a certain kx value. This slit is indicated by the purple line.
(a) Representation of the angular distribution of electrons with three different
energies, imaged in the backfocal plane of the objective lens. (b) Same situation,
represented together with energy axis. (c) Due to the magnetic prism array, the
energy axis is skewed due to dispersion. (d) Projection in the backfocal place. The
slice correspond to a ky versus E spectrum. The different energies corresponds to
lines. The figure is adapted from [21].
is along the horizontal axis, ky is along the vertical axis. Note that since k
is proportional to the square root of the energy, due to the dispersion of a
free electron in vacuum, the boundary of the dispersion figure is parabolic.
The three energy discs are now represented by lines in Figure 3.4(d). Note
that everything inside the parabola shows the band structure of the mate-
rial.
In our experiments, we put a circular aperture at the bottom of the
parabola and then change the sample potential. The parabola shifts as the
sample potential changes. In this way, we would clearly see the difference
between the parabolas, induced by a work function difference of the two
terminations of STO. This experiment will be described in Section 5.1.
20
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3.3 Simulations in SIMION
For inhomogeneous samples, the mirror mode transition is influenced by
the surface morphology. We observed this too in STO. To get a better un-
derstanding of this, we performed simulations for which we used the sim-
ulation program SIMION [22]. The part between the objective lens and the
sample in Figure 3.2 is simulated, where we try to keep every parameters
the same as in the LEEM. The final goal is to determine Intensity-Voltage
(IV) curves theoretically and compare these to real measurement data.
Figure 3.5 shows the electron paths we are simulating. The electrons
start at the left of Figure 3.5(a) with a kinetic energy of 15 keV, which is the
kinetic energy of electrons when leaving the objective lens. A potential of
0 kV is positioned at the left of the setup and 1.5 mm to the right, which
is the distance between the objective lens and the sample in the LEEM
[23], a potential of -15 kV is placed. The left potential represents the ob-
jective lens, the right potential represents the sample. When the potential
is -15 kV, the electrons have a landing energy of 0 eV which is exactly at
the mirror mode transition. Note that we simulate the sample as a one-
dimensional line for simplicity. In both pictures of Figure 3.5 the vertical
axis is the x-axis and the horizontal axis is the z-axis.
Figure 3.5(a) simulates a one-dimensional sample with two domains,
both having a different work function. In the simulations, a difference
in work function can be indicated by a difference in potential. The two
domains are separated by the striped gray line. Since the potential of the
upper domain is less negative, the electric field is weaker than in the lower
domain. Therefore, electrons will be less decelerated in the upper domain.
Thus, the electron shown in Figure 3.5(a) is attracted by the upper domain
and therefore bends to the upper side.
To determine the intensity for the IV-curves, we form a virtual image
behind the sample, which is shown in 3.5(b). The incoming and outcoming
electron paths are linear extrapolated and the intersection point of both
lines is calculated. Figure 3.6(a) shows the intersection points in yellow
of a material with two domains, separated by a gray line, having a work
function difference. The potential of the upper domain (z = 1500-3000 nm)
is -15 kV, the potential of the lower domain (z = 0-1500 nm) is -15 kV −
φ, where φ is 1 V. At the intersection point, a focused image is formed. A
difference in work function leads to a spread in intersection points. The
spread of these points gives the maximum local defocus. The purple line
shows the intersection points if both domains have contained the work
function of the upper domain. This shows of course a straight line at one
certain z-position. The purple line represents the focus of the microscope.
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(a)
(b)
Figure 3.5: Explanation of the one-dimensional simulations performed in
SIMION. An electron with a kinetic energy of 15 keV starts at the left at a potential
of 0 kV. It flies perpendicular to the sample, which is represented by a potential
of -15 kV. The vertical axis is the x-axis, the horizontal axis is the z-axis. The sam-
ple in (a) consists of two domains, separated by the striped gray line, which have
a potential difference. (b) Formation of virtual image after the sample by linear
extrapolation of the incoming and outcoming electron beams. To calculate the
intensity for the IV-curves, the intersection point of both lines is calculated.
To calculate the intensity, we look at the extrapolated curve of the out-
coming electron path. By counting the amount of electrons at the purple
line within a small bin size, typically a few nanometers, the intensity per
position can be calculated. The intensity versus position, I(x), curve of the
situation in Figure 3.6(a) is shown in graph (b).
Note that if no work function difference occurs, the I(x)-curve would be
a horizontal line. Due to the fact that electrons bend toward the termina-
tion with the higher work function (z = 1500-3000 nm), a peak in intensity
at the edge of this termination is expected. The same holds for a dip at
the edge of the termination with the lower work function (z = 0-1500 nm).
This can be observed too in Figure 3.6(b).
22
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(a) (b)
Figure 3.6: (a) The yellow points in this graph show the intersection points of
the incoming and outcoming paths of the electrons in the simulation. A work
function difference of 1 eV is used in this situation. The purple line indicates
the intersection points if the work function of the lower domain was the same
as the upper domain. (b) Intensity versus position curve, calculated by counting
the amount of the linearly extrapolated outcoming paths of the electrons at the
purple line (∆φ = 0) within a small bin size, typically a few nanometers.
3.3.1 Comparison simulations to literature
To check if the simulations are correct, we repeat the simulations from
the paper of Kennedy et al. [24] They performed simulations of a one-
dimensional flat surface with a work function difference on either side
of a boundary. They compared three imaging theories to simulate with:
geometrical, Laplacian and caustic, where the caustic theory is what we
perform in our simulations.
In [24], the distance the electron beam turns around before the sample
is given by:
δ = L
(
1 +
U
eV
)
(3.3)
which can be transformed to:
V =
U/e
δ/L− 1 (3.4)
where V is the potential at the sample, U is the kinetic energy at z = 0, δ is
the distance that the electron beam turns around before the sample and L
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is the distance between the lens and the sample. In [24], U is 20 000 eV, δ
is 40 nm and L is 2 mm. Filling in these numbers in Formula 2.5, we can
derive that V = −20 000.4 V.
Unfortunately, we are not able to simulate the total distance z = L be-
tween the objective lens and sample. We simulate only a distance z = `,
where ` < L. The remaining distance is extrapolated via a Python code.
Since we do not simulate the total distance, we have to correct the val-
ues of the potentials and the kinetic energy of the electrons. An extensive
explanation of these corrections is given in Appendix A.
A simulation for ` = 200 µm goes 100 times faster than a simulation for
` = 2 µm, but will be less accurate since a larger part of the distance L is
extrapolated in Python. We performed the simulations at three different
values of ` to obtain the differences in accuracy.
Kennedy et al. performed their simulations at three different focuses: 0
µm (in focus), -10 µm and 10 µm. In our simulations we have a magnifica-
tion of 1.5 compared to Kennedy et al. and therefore, we have to multiply
the focuses by a factor of 2.25, which is the square of this magnification.
The first factor comes from the difference in image magnification and the
second factor comes from the difference in angular magnification.
Figure 2.9 shows nine one-dimension simulations of a flat surface with
a work function difference of 0.3 eV. The situation is similar to Figure
3.6(b): z < 1.5 µm has a lower work function, and therefore a more nega-
tive potential and z > 1.5 µm had a higher work function, and therefore a
less negative potential. Each graph shows multiple lines: the black curves
show the simulations of Kennedy et al. using the caustic theory and the
red curves are the simulations we performed. In Figure 3.7(a), simulations
with a defocus of -10 µm are shown, in (b), the simulations are in focus
(the defocus is 0 µm) and in (c), the defocus is 10 µm. Note that this cor-
responds to a defocus of (a) -22.5 µm in (a) and a defocus of 22.5 µm in
(c) for our simulations. Each defocus is simulated three times, each for a
different `.
A comparison between our simulations and the simulations from Ken-
nedy et al. reveals that our simulations are similar. From this we can con-
clude that our method is sufficient and that we can use this method for a
comparison with experimental data of STO, see Section 5.3. Furthermore,
we observe that the shape of our simulation curves matches better when `
is larger, see Figure 3.7(c). This is also observed in Figures 3.7(a) and (b).
However, it can be observed that the curves are shifted to the left for a
higher value of `.
From these comparisons we can conclude that a larger value of ` gives
better simulations. Nevertheless, a larger ` takes more time to simulate.
24
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Since the difference between ` = 20 µm and ` = 200 µm is smaller than the
difference between ` = 2 µm and ` = 20 µm, we conclude that ` = 20 µm is
sufficient for now. So, for the comparisons to real data of STO, see Section
5.3, we will a value of ` where L/` = 100.
(a)
(b)
(c)
Figure 3.7: One-dimensional simulations of a flat surface with a work function
difference of 0.3 eV. The figures are adapted from Kennedy et al. [24], where the
black lines show the simulation using the caustic theory, which is comparable
with our simulations. The red lines are added to the figures and show the simu-
lations we performed. In (a) the defocus of the simulations of Kennedy et al. is
-10 µm, in (b) the defocus is 0 µm and in (c) the defocus is 10 µm. Each defocus is
simulated for three different lengths of z = ` in SIMION.
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Chapter4
Sample preparation and
characterization
Theory predicts that the work function difference between the two termi-
nations of SrTiO3 (STO) is around 3 eV [5]. This is a huge value, compared
to other materials [25] [26]. However, this value has not been observed
experimentally. Therefore, we want to determine this work function dif-
ference experimentally. Before measuring the work function, it is useful
to collect more information about the oxide-crystal itself. Therefore, we
performed experiments about these terminations which are described in
this chapter.
Firstly, STO is measured in an Atomic Force Microscope (AFM) (Sec-
tion 4.2). With this technique we can easily and quickly check if the two
terminations are present, and what is which termination. By using the
AFM, the step heights between the layers can be measured and compared
with the type of steps. Secondly, STO is measured in a Low Energy Elec-
tron Microscope (LEEM) (Section 4.3). In addition to real-space images,
diffraction images are recorded too. This will be described in Section 4.4.
We start this chapter with describing the sample preparation (Section 4.1).
4.1 Sample preparation
An as-received sample of STO exhibits a surface with an unordered mix-
ture of both terminations. To measure the work function difference be-
tween these two terminations, it is convenient to have large domains of
each termination. Furthermore, an equal amount of both terminations is
useful. To achieve this, we prepare the samples in the following way.
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In our experiments we use SrTiO3 with an orientation of (100), bought
at Crystec GmbH. The miscut angle of the surface is 0.2◦ − 0.3◦ and the
sizes of the samples are 5 x 5 x 0.5 mm. We use two methods to produce
mixed-terminated STO with large domains.
1. Firstly, samples are cleaned with isopropanol and acetone. After
that, sample are annealed in oxygen at 1200◦C in air at ambient pres-
sure. During the annealing process, SrO diffuses from the bulk to the
surface, which results in increasing SrO-termination. After anneal-
ing for 12 hours, large domains are formed of which 50% are SrO-
terminated and 50% are TiO2 terminated [18]. Annealing the sample
improves the surface quality and therefore, the reproducibility of the
growth of the SrO-termination [13].
2. After cleaning with isopropanol and acetone, the samples are placed
in milipore water for 30 minutes where the following reaction hap-
pens [13]:
2SrO + CO2 + H2O→ SrCO3 + Sr(OH)2 (4.1)
When the sample is briefly dipped (∼ 30 s) in a buffered HF solution,
Sr(OH)2 is dissolved by this acid. Since TiO2 does not react, the sam-
ple becomes fully TiO2-terminated. Annealing the sample at 1200◦C
results in SrO layer formation, similar to method 1.
In most of the experiments, the simple sample preparation method 1 is
used. When method 2 is used, it will be specifically mentioned in the text.
4.2 STO in AFM
Figure 4.1(a) shows an AFM phase image of an STO surface, measured at
room temperature. The two terminations are clearly visible, which shows
that the preparation method of Bachelet et al. [18] is reproducible. It
is known from literature that the SrO-terminated surfaces contain sharp
step edges and that the TiO2- terminated surfaces have smooth step edges
[13]. Thus, we can conclude that the dark areas correspond to SrO and the
bright areas to TiO2. Furthermore, we observe some dark lines inside the
TiO2-terminated part. These lines indicates the step edges between two
unit cells. By measuring the height profile, the height of the steps can be
determined and it can be deduced if there is an inner step (a step between
two equal terminations) or an outer step (a step between two different ter-
minations). For an inner step, a step height of n unit cells is expected and
28
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(a) (b)
Figure 4.1: 1.0× 1.0 µm AFM pictures of annealed STO at 1200◦C for 12 hours,
measured at room temperature. In (a) the phase lag is shown. The dark areas
corresponds to SrO termination and the bright areas to TiO2. Also unit cell steps
between the terminations are visible. In (b) the topography of the same area is
shown, where a color map shows the difference in height. Height profiles along
the four white lines are measured.
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(a) (b)
Figure 4.2: (a) Height profile along line 4 in Figure 4.1. (b) Sketch of the layer
structure of the STO crystal of graph (a). Blue represents the TiO2-layer, red rep-
resents the SrO-layer. Some step heights larger than 1 unit cell are observed,
which shows the appearance of step bunching.
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for an outer step a step height of n + 12 . The height of a unit cell is about
0.4 nm [12] [13].
Figure 4.1(b) shows the topography of the same area as in figure 4.1(a).
To analyze the step heights, we measured the height profiles of the four
white lines in Figure 4.1. Figure 4.2(a) shows the height profile of line 4.
The numerical values of the step heights from this line are presented in
Table 4.1.
The first thing that can be concluded is that the inner steps are indeed
about 0.4 nm, as expected from theory, although the fifth step might be a
bit off. The outer steps do not correspond well with the expected heights,
comparing the fourth and fifth column of Table 4.1. Another thing that
can be seen from Figure 4.2(a) is that the outer step edges do not only
have steps of 0.5 unit cells, but also ones of more unit cells. A sketch of the
height profile of Figure 4.2(a) is made in Figure 4.2(b) where both layers
are shown: blue is TiO2, red is SrO. It shows i.e. the presence of a step
of 2.5 unit cells at x = 0.7 µm, which corresponds to the seventh step in
Table 4.1. This effect, where one or more unit cells are skipped during the
SrO-formation is called step bunching, it is probably due to the energetic
gain of step bunching [27].
Name Phase change From To Height (nm) Expected
height (nm)
step 4-1 Yes TiO2 SrO 0.276 0.2
step 4-2 Yes SrO TiO2 0.509 0.6
step 4-3 No TiO2 TiO2 0.445 0.4
step 4-4 No TiO2 TiO2 0.446 0.4
step 4-5 No TiO2 TiO2 0.490 0.4
step 4-6 Yes TiO2 SrO 0.284 0.2
step 4-7 Yes SrO TiO2 0.983 1.0
step 4-8 No TiO2 TiO2 0.382 0.4
step 4-9 No TiO2 TiO2 0.422 0.4
step 4-10 No TiO2 TiO2 0.437 0.4
Table 4.1: Numerical values of the step heights from line 4 in figure 4.2. The first
column gives the name of the step (line-number of step, counting from left to
right in the image). The second column shows if there is a change in phase at this
step and the third column shows what the two terminations around this step are.
In the last two columns, the height and the expected height are given.
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Mean SD Q1 Q1 (Gauss) Q3 Q3 (Gauss)
inner steps 0.42 0.03 0.39 0.40 0.45 0.44
outer steps 0.23 0.11 0.11 0.15 0.34 0.30
Table 4.2: Statistical properties of inner steps (a step between two equal termi-
nations) and outer steps (a step between two different terminations) in STO. The
mean, standard deviation (SD), the first quartile (Q1) and the third quartile (Q3)
of the data set are calculated. Also the values of Q1 and Q3 of a Gaussian fit are
shown.
The results of all four height profiles are combined in Table 4.2, the full
data set can be found in Appendix B. Assuming that these data fit to a
Gaussian curve, we calculated the following parameters: mean, standard
deviation, and the positions of the first and third quartile (Q1 and Q3). The
first quartile splits off the lowest 25% of the data from the highest 75%, the
third quartile vice versa. Also Q1 and Q3 from a Gaussian fit are calculated
and shown in the table.
For the inner steps, the mean value is 0.42± 0.03 nm, which is close
to the theoretical prediction of 0.4 nm and has a small error. Moreover
we can see that Q1 and Q3 correspond well with Q1 and Q3 from the
Gaussian fit. Thus, we can conclude that the step sizes we measured for
STO are accurate.
To compare the outer steps, it is convenient to remove the effect of step
bunching. Therefore, the height values are subtracted by the size of n unit
cells (taking the size of a unit cell as 0.4 nm), where n depends on the
amount of unit cells left out by the effect of step bunching, such that the
steps are centered around 0.2 nm, which is the step size of half a unit cell.
We find a mean value for the step heights of 0.23± 0.11 nm, which does
not deviate much from the theoretical value of 0.2 nm. However, the error
is large and since Q1 and Q3 do not correspond well to Q1 and Q3 from
the Gaussian fit, we can conclude that the step sizes of the outer steps are
not very accurate.
A possible explanation for this, could be due to noise. Although the
white curves from which we calculate the step heights have a width of 6
pixels, from figure 4.2 it is clear that there is still some noise left. By calcu-
lating the heights, the average value of the horizontal planes in Figure 4.2
is used, which suggests an error too. Another reason might be that the sur-
face is reconstructed. Due to this reconstruction the height of surface for
each termination could be changed. Since this difference is the same for
equal terminations, this has no effect on the inner steps, but for the outer
steps this could cause a height difference. A final explanation could be
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that HF-etching makes the surface more smooth and therefore decreases
the error. In this experiment we used only used non HF-etched samples.
Groups who used HF-etched STO samples, see [28] and figure 1d in Koster
et al. [13], did not show big errors by measuring the heights of the outer
steps.
4.3 Measuring the same area in AFM and LEEM
In order to collect more information about STO, we use a Low Energy Elec-
tron Microscope (LEEM). To determine what is which termination of STO,
we aim to measure the same area in the AFM and in the LEEM. We anneal
STO at 1200◦C for 12 hours and make a scratch on it using a diamond pen.
Following this scratch in both microscopes we are able to find the same
area back.
Since measurements in AFM go faster than in LEEM, we first measure
the STO sample in AFM. To roughly localize on the sample, we use an op-
tical microscope with which we could obtain the scratch, see Figure 4.3(a).
With the AFM we make an overview picture of the phase lag, see Figure
4.4(a). The width of the area is 30 µm. The dark areas correspond to the
SrO-termination and the bright areas to TiO2, since the dark areas contain
sharp edges. At the left side of the picture we can clearly see some small
part of the scratch. In figure 4.4(b) a zoom-in of the yellow area in (a) is
shown. The AFM images are measured at room temperature.
(a) (b)
Figure 4.3: To obtain the same surface in the AFM and in the LEEM, we make a
scratch on the sample. (a) Image of the scratch obtained by an optical microscope,
(b) image of the scratch, obtained by PEEM.
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(a)
(b) (c)
Figure 4.4: Annealed STO at 1200◦C for 12 hours, measured in both AFM and
LEEM. By scratching the sample with a diamond pen, the same area can be found
in both microscopes. (a) Overview AFM phase picture. (b) Zoom-in of the yellow
area area in (a). The size of the diagonal is 4.0 µm. (c) Real-space image of the
same area as in (b), measured in the LEEM at E = 11.8 eV at T = 95◦C.
By following the scratch in PEEM, see Figure 4.3(b), we were able to
find the same area back in the LEEM, see Figure 4.4(c). This real-space
image is measured at a landing energy of E = 11.8 eV and at a temperature
of 95◦C. We see two domains, one is large and bright and the other is small
and dark. The small domains have sharp edges and in the large domains
we see step edges. We can thus conclude that the small domains (bright in
(b), dark in (c)) corresponds to SrO and that the big domains (dark in (b),
bright in (c)) corresponds to TiO2.
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When the surface is not very flat with respect to the tip radius in AFM,
which is 10-20 nm, the contact area will change and gives topography-
related contrast to the phase image. This explains why the scratch is col-
ored black in Figure 4.4(a). However, the phase in (a) and (b) is inverted.
The absolute value of the phase lag can change because of a phase drift of
the driving signal, which can be induced by zooming in and out or mea-
suring at different locations. Note that we use the phase lag difference
to identify the two terminations, and therefore the absolute value of the
phase lag is not that important.
All together, this experiment shows that with a simple method (scratch-
ing the sample with a diamond pen), we are able to measure the same area
with both AFM and LEEM which can be very useful for other re-search.
4.4 Dark-field experiments on STO
For the dark-field experiments we prepared samples of STO with and
without HF-etching. Results of each sample are presented in separated
sections.
4.4.1 Non HF-etched samples
Figure 4.5 shows the LEED image of non HF-etched samples, prepared
using method 1 (see Section 4.1), measured at a landing energy of 16.0
eV and at a temperature of 420◦C. The image looks complicated, but we
can deduce two reconstructions from it. We see the four primitive Bragg
peaks of the crystal. Furthermore, we recognize the 2× 2 reconstruction,
indicated by the blue circle in Figure 4.5. This reconstruction is caused
by SrO-termination [18] [19]. Moreover, we observe the two rotations of
the
√
13×√13 R33.7 reconstruction, indicated by the green and red circle.
These two reconstructions both corresponds to a TiO2-terminated surface
[20].
At the top of the diffraction image, we observe a fuzzy cloud. This
does not belong to the reconstructions of the sample, but it is caused by
secondary electrons leaving the sample.
By placing an aperture in the backfocal plane, we can do dark-field
imaging and make a multi dark-field image (see Section 3.2.2), which tells
us what termination contains which reconstruction. The multi dark-field
image shown in Figure 4.6 consists of three dark-field images, taken from
the circled spots in Figure 4.5, the color of the circle matches with the color
in the multi dark-field image. We called these spots DF1 (Dark-Field 1),
34
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DF1
DF2
DF3
Figure 4.5: LEED pattern of a non-HF etched STO sample, measured at E = 16.0
eV at T = 420◦. The diffraction pattern consists of two different reconstructions,
which corresponds the two terminations. SrO contains a 2 × 2 reconstruction,
where in the image one is the spots in marked with a blue circle. TiO2 has a re-
construction of
√
13×√13 R33.7. Note that this reconstruction has two rotations
corresponding to the green and red circle.
Figure 4.6: Multi dark-field image of a non-HF etched STO sample, measured at
420◦C. Blue corresponds to the 2× 2 reconstruction (see blue circle in Figure 4.5)
and shows SrO. Red and green stem from the
√
13× √13 R33.7 reconstruction
and shows the two rotations in TiO2 (see red and green circle in Figure 4.5). DF1
(the blue circle in Figure 4.5) is measured at E = 7.0 eV, the other two dark-field
images are measured at E = 6.0 eV.
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DF2 and DF3 as indicated in Figure 4.5. We measured DF1 at E = 7.0 eV
and DF2 and DF3 at E = 6.0 eV. All dark-field images are measured at
420◦C.
Figure 4.6 shows that the 2× 2 reconstruction is caused by SrO-termination
and the
√
13×√13 R33.7 reconstructions are from the TiO2-termination.
Inside the TiO2 surface, we see small domains. These domains are caused
by the two rotations of the
√
13×√13 R33.7 reconstructions.
4.4.2 HF-etched samples
The same experiment as in Section 4.4.1 is repeated for HF-etched samples,
prepared using method 2 (see Section 4.1). Figure 4.7 shows the LEED im-
age of an HF-etched STO sample, measured at an energy of 16.0 eV and
a temperature of 90◦C. In comparison to the LEED image of the non HF-
etched sample (see Figure 4.5), this spectrum is more detailed. Unfortu-
nately the LEED pattern in Figure 4.7 is recorded in an area with little SrO,
therefore, the 2× 2 reconstruction in the LEED image is hard to see.
A multi dark-field image, consisting of the three dark-field images recorded
at the marked spots in Figure 4.7, is shown in Figure 4.8. Each dark-field
image is taken at E = 16.0 eV and measured at 370◦C. We can again ob-
DF3
DF2
DF1
Figure 4.7: LEED pattern of an HF-etched STO sample, measured at E = 16.0 eV
at T = 90◦C. The 2× 2 reconstruction of SrO is marked with a blue circle. The two
rotations of the
√
13×√13 R33.7 reconstruction of TiO2 is given by the green and
red circle.
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Figure 4.8: Multi dark-field picture of an HF-etched STO sample. Each dark-field
image, indicated by the circular spots in Figure 4.7, is measured at E = 16.0 at T =
370◦C. Blue corresponds to the 2× 2 reconstruction (see blue circle in Fig 4.7) and
shows SrO. Red and green comes from the
√
13×√13 R33.7 reconstruction and
shows the two rotations in TiO2.
serve that the 2× 2 reconstruction is caused by SrO-termination and the√
13×√13 R33.7 reconstructions are from the TiO2-terminations. How-
ever, the small domains inside the TiO2 are larger, compared tot the non
HF-etched sample, see Figure 4.6. This suggests that HF-etching causes
bigger domains in the TiO2-termination.
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Results & discussion
In the previous chapter, experiments about the two terminations of STO
are described. These two terminations are predicted to have a difference
in work function, which we want to measure. To obtain this work function
difference, we use three methods, where each is described in a separate
section.
5.1 Energy-filtered PEEM
The first method we use to measure the work function difference is Energy-
filtered PEEM. As explained in Chapter 2, in Photo Emission Electron
Microscopy (PEEM) we use photoelectric electrons instead of electrons
emitted from an electron gun, which we do in Low Energy Electron Mi-
croscopy (LEEM). The amount of electrons in PEEM is much lower than
in LEEM. To increase the signal-to-noise ratio, we have to average over
multiple images. Because of this, the experiments take longer (9 hours).
In Energy-filtered PEEM, we select electrons at a certain kx by placing
a slit in reciprocal space. After the electrons are bent through the magnetic
prism array in Figure 3.2, we see a parabola in the E-ky plane, as explained
in Figure 3.4 [21] Inside the parabola, we observe the band structure of the
material.
In this experiment we prepared an HF-etched STO sample. Figure 4.1
shows the parabola in the E-ky plane, measured at a sample potential of
-2.5 V. Note that in PEEM the landing energy is not defined since the elec-
trons start at the sample. Rather, the energy in the column is varied by
changing the potential on the sample. To do Energy-filtered PEEM, we
place an aperture, indicated by the yellow circle in Figure 5.1 and sweep
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Figure 5.1: This figure shows the projection of the electrons in the backfocal plane
of an HF-etched STO sample, measured at a sample potential of -2.5 V. On one
axis, the Energy is plotted, the other axis shows ky. The circle shows the position
of the aperture.
(a) −2.5 V (b) 0.0 V (c) 0.25 V
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Figure 5.2: In (a)-(f) Energy-filtered PEEM images of HF-etched STO are shown.
The sample potentials are given in the subscript of each image. Image (g) shows
the color bar. The diameter of the aperture is 6.5 µm. In these images the dark
count is subtracted. Since we have very few electrons in PEEM, 50 images of the
same sample potential are recorded and averaged. Finally, the flat field from the
channel plate is divided.
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the sample potential, which shifts the parabola closer to the aperture by in-
creasing energy. Figure 5.2 shows the real space images through the aper-
ture per sample potential. In these images, the dark count is subtracted.
Because of the low amount of electrons, 50 images are recorded per sample
potential to increase the signal-to-noise ratio. These are averaged to one
image. Finally, the images are divided by the flat field from the channel
plate.
We observe that the image is completely dark at low sample potentials,
which indicates that the parabola is not inside the aperture. At 0.0 V, the
parabola has entered the aperture and for increasing sample potentials,
we see an increasing intensity. We observe the two terminations of STO.
Since STO has two terminations with two separated work functions, we
expect to see two parabolas, separated by this work function difference,
where one parabola shows SrO-termination and the other parabola TiO2-
termination. However, Figure 5.2 shows only one parabola in which both
terminations are shown. This suggests that the work function difference is
not large.
Furthermore, we see a linear gradient in all images during the potential
sweep, which is due to non-isochromaticity. By placing a selection aper-
ture in the energy spectrum, as we do, the selected energy is not constant
across the image, which is due to the magnetic field from the prism arrays
through which the electrons travel. This linear gradient is measured to be
0.5 V/10 µm per magnetic prism array [21].
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Figure 5.3: Intensity versus Energy curves of the 4 areas drawn in Figure 5.2(f).
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To measure the non-isochromaticity and the work function difference
between the two terminations, we took intensity versus sample potential
curves of a few areas, indicated by the black circles in Figure 5.2(f). The
curves are shown in Figure 5.3. The diameter of the illuminated area is
6.5 µm. From this we calculated that the distance between the left and
right circle of SrO is 2 µm. From Figure 5.3, we can determine that the
energy difference between the SrO areas (the blue and black curves) is
0.45 V. These values refer to a linear gradient of approximately 2.2 V/10
µm. For TiO2, we observe a comparable value. Note that the electrons
flies three times through a magnetic prism array: once through MPA1 and
twice through MPA2, see Figure 3.2. This leads to a linear gradient of 1.5
V/10 µm. From this, we can conclude that our linear gradient is not far off
from the gradient measured by [21].
Furthermore, we observe no large energy difference between SrO- and
TiO2-terminated surfaces, as we could also see by eye in Figure 5.2. This
is in contrast to the prediction in [5], which states that the work function
difference is about 3 eV. However, since we have very few electrons in this
measurement and we therefore had to average for a long time, we think
this is not a good experiment. Also the electron beam was drifting dur-
ing the experiment. Therefore, we decided to measure the work function
difference also in another way.
5.2 Intensity-Voltage curves
Another way to determine the work function difference between the two
terminations is to look at the Intensity-Voltage (IV) curves. Due to the
work function difference, the mirror mode transition is different for each
termination. This is explained in Section 2.1.
Figure 5.4(a) shows a LEEM image of STO, prepared with method 1
(see Section 4.1), taken at 0.5 eV. Here, we observe bright and a dark areas.
In the dark area, some electrons have been absorbed by the sample. This
means that the electrons interact with the surface on this termination. In
the bright area, all incoming electrons are reflected back, which indicates
that the electrons did not reach the sample at this termination. From this
we can thus conclude that the dark area has a higher work function than
the bright area. In Figure 5.4(b) we see a LEEM image of the same area
of the sample at a higher energy, namely at 16.0 eV. The black domains in
Figure 5.4(b) correspond to SrO and the bright domains show TiO2, see
Section 4.3. Comparing these two images we can conclude that SrO has a
lower work function than TiO2, which is also predicted by the theory: a
42
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500 nm
0.5 eV
(a)
500 nm
16.0 eV
(b)
Figure 5.4: STO, measured in a LEEM (a) at 0.5 eV (b) and at 16.0 eV.
work function of 3.18 eV for SrO and a work function of 6.33 eV for TiO2
[5].
To measure the work function difference between the two termina-
tions, we recorded IV-curves of small areas at both terminations. Figure
5.5 shows a LEEM image of the same area of the STO sample as in Fig-
ure 5.4, measured at 2.0 eV. In this image, we can see that the intensity is
not the same in every part of a termination: SrO, for example, has a white
500 nm
2.0 eV
Figure 5.5: LEEM image of STO, measured at 2.0 eV. The circles show all areas
where we measured an IV-curve.
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stripe in the center and at the edges it is darker. Therefore, we decided to
measure the IV-curves as well in the center as at the edges of the termi-
nations. Every type of area is measured twice to prevent outliers, which
adds the total amount of measured IV-curves to twelve. Figure 5.5 shows
the positions of all areas, where the colors correspond to the curves in Fig-
ure 5.6 which shows the IV-curves of each area. The intensity is plotted on
a log scale (a) and on a non-log scale (b). The names of the position where
the area is measured is also mentioned in the legend.
In Figure 5.6, the four curves at SrO-terminated surfaces (blue and
green) can be clearly distinguished form the eight curves at a TiO2-termina-
ted surface. In energies above 6 eV, each termination has a specific IV-
curve. This is likely due to a band structure-induced contrast of each ter-
mination, which is of course different per termination.
Furthermore, we observe that in mirror mode the intensity differs per
position. For example, a curve of TiO2 measured in the center (pink or
red) has a different intensity in mirror mode than curves measured at the
edges of a TiO2-termination, represented by the orange and purple curves
in Figures 5.5 and 5.6. In the IV spectra of SrO this is observed too when
comparing an area measured at the center of an SrO-termination (blue),
with an area measured at the edge of the termination (green).
Due to this effect, it is hard to determine the work function difference
between the SrO-curves and the TiO2-curves. A possible explanation is
that an electron that flies to the edge of SrO will be attracted to TiO2
because of the electric field induced by the work function difference be-
tween the two terminations. The electron bends and this creates a defo-
cus, which is what we observe. In the samples we use, the sizes of the
SrO-terminations are small, roughly 200 nm. Furthermore, the distances
between two SrO-terminations are small too, roughly 300 nm. Therefore,
an electron can feel attractions from multiple domains. Moreover, the IV-
curves of an area inside a small TiO2-termination (yellow) looks different
from an IV-curves, measured in a large TiO2-domain (red). In the large
TiO2-domain, electrons bent from a SrO surface will not be present here.
Due to this observed lensing effect, this method to determine the work
function difference is not useful. To understand this effect better, we will
do simulations in mirror mode close to the mirror mode transition and
compare the results to data measured in LEEM. Furthermore, we can de-
rive the work function by taking this as a variable in the simulations.
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Figure 5.6: IV-curves of SrTiO3, measured at twelve different areas. The positions
of these areas are shown in Figure 5.5. The intensity is plotted on a log scale (a)
and a non-log scale (b). From this figure we can conclude that IV-curves depend
of the position of the measured area on the sample.
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5.3 Simulating the electron paths
The last method we used to measure the work function difference between
the two terminations of STO is to simulate the electron paths between
the objective lens and the sample and compare the results to experimen-
tal data. In the LEEM, the distance between the objective lens and the
sample is 1.5 mm [23], but we only simulate a distance of 150 µm. The
remaining distance is extrapolated via a Python code. Detailed descrip-
tions of how these simulations are performed is given in Section 3.3. In
this experiment, we compare the intensity versus position, I(x), curves of
the simulations with the I(x)-curves of measured data. Since we perform
our simulations in one dimension, we will compare the simulations with
a one-dimensional profile along an STO surface. Figure 5.7(a) shows such
a surface of STO, measured in LEEM at 18.0 eV. The one-dimensional pro-
file we will simulate and measure is indicated by the yellow line, which
has a length of 3200 nm and contains several domains of SrO and TiO2
termination.
Figure 5.7(b) shows the intersection points of the incoming and out-
coming electron paths of the one-dimensional situation marked in Figure
5.7(a). Note that this graph is comparable to Figure 3.6(a). Here, a poten-
tial difference of 1.0 V, corresponding to a work function difference of 1 eV,
is used at a landing energy of -0.2 eV. The purple line shows the intersec-
tion points for the situation that both terminations have the work function
of the TiO2-termination.
Figure 5.7(c) shows the corresponding I(x)-curves curve. Note that the
resolution of simulations, we use a bin size of 1 nm, is smaller than the
resolution of the CCD camera in the LEEM. We observed a resolution of
10 pixels, which corresponds to 27.3 nm. To find the resolution we looked
at the smallest width we could find of the edge between two different ter-
minations. Because of the better resolution in our simulations, we expect
the peaks in the simulations to be sharper than the peaks from the mea-
sured data. To compensate for this, we broaden our simulation curves by
doing a Gaussian convolution with a Full Width Half Maximum of 10 pix-
els, which corresponds to a standard deviation of σ = 11.6 nm. Here, we
used that the Full Width Half Maximum is equal to
√
8 ln 2 × σ. Lastly,
the curve is normalized such that the mean is set to 1. We will apply the
Gaussian convolution to all simulated I(x)-curves.
In the simulations, we can change some parameters. By changing one
parameter and fixing the others, we can make a comparison between the
I(x)-curves of our simulations and the I(x)-curves of the measured data.
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(a)
(b) (c)
Figure 5.7: (a) LEEM image of STO, measured at 18.0 eV. The yellow line indi-
cates the simulated profile. (b) This graph shows the simulated intersection points
along the line in (a). The purple line shows the intersection points if both termi-
nations would have the work function of the TiO2-termination. (c) This graph
shows the corresponding intensity-position curve. To make the resolution of the
simulations comparable to the resolution in LEEM, the curve is convoluted with a
Gaussian with a standard deviation of 11.6 nm. The SrO termination is indicated
by gray areas. In (b) and (c), the landings energy is -0.2 eV and furthermore, as
an assumption a work function difference of 1.0 eV is used.
The main parameters we change are: work function, landing energy and
focus.
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5.3.1 Changing the work function
The first parameter we change in the simulations is the work function. The
work function parameter can be changed in the simulations by changing
the difference in potential of the terminations, which will create an electric
field. To compare the simulated data with the measured data, we also have
to take care of other parameters: the defocus and the energy.
In Section 5.2, we observed that a work function difference might affect
the focus. In Section 5.3.3 we will change the defocus parameter. For this
experiment, we measured STO at different distances between the sample
and the objective lens. We moved the sample within small steps of 5 µm
so we can assume that our best focused image has a defocus of 0 µm.
Furthermore, the energy value which the LEEM shows may be shifted
in comparison to the theoretical value in the simulations. From Figure
5.6(b) it is clear that the mirror mode transition is not at 0 eV, but at a higher
voltage. The energy value in the LEEM depends on the work function of
the sample. Furthermore, the electrons in the gun have to overcome the
work function of the material which also depends on the size of the tip
from the gun. Therefore, we set the energy relative to 0 eV to be the mirror
mode transition. Figure 5.6(b) shows that the mirror mode transition is
hard to determine. A comparison of a few simulations with real data,
where the energy scale was changed, pointed out that this difference is 1
eV. So, 1 eV in the LEEM means actually a theoretical energy of 0 eV.
The comparisons between simulated data and measured data for dif-
ferent work functions are shown in Figure 5.8. The work function differ-
ences we simulate are 0.6, 0.8, 1.0, 1.4 and 3.0 eV. The blue curves corre-
spond to simulated data, the red curves show the measured data obtained
from the LEEM. In these intensity versus position graphs, the terminations
are represented by rectangular areas. Gray areas correspond to SrO sur-
faces and white areas show TiO2-terminations. The simulated curves in
Figure 5.8(a) are performed at an landing energy of -0.2 eV (Note that this
corresponds to an energy of 0.8 eV for the measured data). In Figure 5.8(b),
the simulation is at a landing energy of -0.6 eV (0.4 eV for the measured
data).
Note that the electrons are not simulated along the total distance of the
line in Figure 5.7(a). At the edges of the simulated lines, information about
the surface is not complete. In Section 5.2 is shown that the position is very
important, therefore, we do not simulate at the edges of our range. Note
that also the edge of where we simulate is not complete since we will miss
a few electrons which we do not simulate.
We observe in Figure 5.8 that the simulation I(x)-curves still show larger
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Figure 5.8: Intensity versus position curves of the drawn line in Figure 5.7(a). SrO
is denoted by gray areas. The blue curve corresponds to simulated data, the red
curve shows the real data. Both curves are normalized such that the mean is 1. A
comparison is made for five different work functions (0.6, 0.8, 1.0, 1.4 and 3.0 eV).
Figure (a) is measured at a landing energy of -0.2 eV, Figure (b) is measured at a
landing energy of -0.6 eV.
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and sharper peaks than the I(x)-curves obtained from the measured data,
especially close to the mirror mode transition. Furthermore, we obtain that
a large work function difference leads to larger and sharper peaks. From
this, we may conclude that the work function difference between SrO and
TiO2 in STO is not 3 eV. Comparing the other work function differences to
the measured data, it is hard to conclude what the actual work function
difference is. Moreover, we observe that the peaks in the measured data
(red curves) are not centered. This shows that there could be a tilt in the
sample, caused by a small angle. We will elaborate on this in the Outlook
in Chapter 7.
Concluding, we can say that 1.0 eV is probably the best fit for the work
function, although it looks still poor. This can be seen best in Figure 5.8(b):
1.4 eV contains too sharp peaks and for 0.8 eV the peaks are too small. For
the next comparisons to improve the fit we will take φ = 1.0 eV as our work
function difference as a best guess.
5.3.2 Changing the landing Energy
In this comparison, we change the landing energy of the electrons. The
work function difference is set to 1.0 eV and the defocus is 0 µm for the
measured and the simulated data. The energy offset between measured
and simulated data is 1.0 V.
We changed the landing energy from 0 eV (mirror mode transition)
to -3.0 eV, where the electrons do not feel the work function difference
anymore. The I(x)-curves are presented in Figure 5.9. The blue curves
correspond to simulated data, the red curves are from data measured in
the LEEM. The SrO-termination is represented by gray areas, the white
areas correspond to TiO2.
In Figure 5.9, we observe that the simulated data behaves similar as
the measured data. Close to the mirror mode transition, 0 eV, the peaks
are large and sharp. The further away from the sample (the more negative
the landing energy), the weaker the effect of the work function will be. At
-1.0 eV, the peaks are less detailed and smaller. And finally, at -3.0 we do
not see any difference between the terminations anymore.
The behavior of the simulations is similar as the measured data, how-
ever, the curves matches not perfectly. The peaks of the simulations are too
large at 0 eV, compared to the measured data. Furthermore, the decrease
is too fast since at -1.0 eV the peaks of the simulations are smaller than the
measured data. This shows that 1.0 eV is probably not the correct value of
the work function. In the previous section (5.3.1), we noticed that the work
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Figure 5.9: Intensity versus position curves of the drawn line in Figure 5.7(a). SrO
is denoted by gray areas. The blue curve corresponds to simulated data, the red
curve shows the real data. Both curves are normalized such that the mean is 1.
The work function difference is set to 1.0 eV and the defocus is 0 µm. The landing
energy is changed from 0 eV, the mirror mode transition, to -3.0 eV, where no
electron feels the work function difference anymore.
function difference influences the sharpness and size of the peaks. How-
ever, the simulations are promising since those I(x)-curves show roughly
what we observe in the I(x)-curves of the measured data.
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5.3.3 Changing the focus
Lastly, we changed the focus parameter. To do this, we measured STO in
the LEEM at ten different focuses. We changed the focus of the measured
data by moving the sample closer to and further away from the objective
lens. A negative defocus denotes that the sample is moved further away
from the objective lens, and a positive defocus denotes that the sample is
moved closer to the objective lens.
In the simulations, the defocus is defined differently. As explained in
Section 3.3, the defocus in the simulations is determined by the position of
the purple curve in Figure 5.7(b), which shows the intersection points of
the incoming and outcoming electron path when both terminations have
no work function difference. By moving this line on the z-axis, we create
a defocus. Note that in the simulations, a positive defocus means that the
distance between the image and the objective lens is larger and a negative
defocus represents a smaller distance between the image and the objective
lens. This is inverted in comparison to the defocus of the measurement
data. Furthermore, we have to multiply the focuses by a factor of 3.2 ac-
cording to Tromp et al. [29]. This is due to the fact that the measurement
focus and the simulation focus is defined differently.
Table 5.1 shows the defocus values of the measurement data with the
corresponding defocus for the simulations. We aimed to get round num-
bers of the measurement defocus, but due to a small drift of the sample
during the measurement, the positive dfm values are not rounded. In these
comparisons we set the work function difference to 1.0 eV, the energy off-
set between measured and simulated data is 1.0 V and finally, the landing
energy is set to 0 eV. The simulated (red) and measured (blue) I(x)-curves
are shown in Figure 5.10. The SrO-terminations are denoted by gray ar-
eas. The simulated curves are convoluted by a Gaussian. Both curves are
normalized such that the mean is 1.
When the distance between the sample and the objective lens becomes
larger (a negative dfm), we observe in the simulations (the blue curves)
Measurement −30 −20 −15 −10 −5
Simulation 95.8 64.0 47.8 31.8 15.9
Measurement 0 +8 +16 +26 +36
Simulation 0 −25.1 −50.6 −82.7 −114.8
Table 5.1: Defocus values of measurement data and corresponding simulation
data, shown in µm.
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(a)
(b)
Figure 5.10: Intensity versus position curves of the drawn line in Figure 5.7(a).
SrO is denoted by gray areas. The blue curve corresponds to simulated data, the
red curve shows the real data. Both curves are normalized such that the mean is
1. The work function difference is set to 1.0 eV and the landing energy is 0 eV. A
comparison is made for ten different focuses. The defocus of the measured data
(dfm) is given in the graphs. Figure (a) shows negative measurement defocuses,
Figure (b) shows positive measurement defocuses.
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that the SrO-peaks broaden and split up into two peaks. Furthermore, the
TiO2-peaks decrease. This behavior is clearly observed up to dfm = -10
µm. For a more negative dfm, the peaks coincide. For example, at dfm =
-15 µm, we see one big peak at x = 2200 nm, which arose from the three
peaks close to x = 2200 nm at dfm = -10 µm. In the measurements, we
do observe for a small negative value of dfm that the SrO-peaks increase.
However, it is very hard to compare these two curves with each other.
When the distance between the sample and the objective lens becomes
smaller (a positive dfm), we observe that the SrO-peaks rapidly drop out.
At dfm = 0 µm, we see that the shape of the TiO2-peaks depends on
the size of the termination. A small TiO2 area shows a single peak and a
broader TiO2 area shows two peaks, which are more separated for a larger
area. When dfm becomes more positive, we see that the TiO2-peaks firstly
increase to one small peak and then broaden into three peaks: one center
peak and two side peaks, which moves away with increasing defocus. For
dfm larger than +26 µm, these peaks coincide with the neighboring TiO2-
peaks. The measurement data show the rapid decrease of the SrO-peaks,
however, this broadening of the TiO2 peaks is less pronounced.
All in all, the measurement data do show the trends we see in the sim-
ulations for changing focuses. However, the data are not so accurate, that
we can take conclusions from this comparison. A possible explanation for
the differences is that we might be a bit off with our focus. For example
that the correct focus would be at -3 µm. A second explanation is that the
work function difference we assumed in this situation, 1.0 eV, is not cor-
rect. Thirdly, we can see at dfm = 0 µm that the sample could be tilted
and therefore, the electrons do not fly perpendicular to the sample, but at
a small angle. Further research to improve the simulations is needed.
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Conclusion
In this study, we did research on the perovskite oxide SrTiO3 (STO). By an-
nealing this perovskite at 1200◦C for 12 hours in air at ambient pressure,
two terminations coexist on the surface: SrO and TiO2. Theory predicts
that these two terminations have a work function difference of 3.0 eV [5],
but this value has not been measured experimentally. Therefore, we per-
formed experiments to measure this work function difference ourselves.
Firstly, we investigate the two terminations of STO and in AFM and
LEEM we observed the two different terminations. Moreover, by scratch-
ing the sample and following the scratch, we were able to measure the
same area in both AFM and LEEM. In AFM we measured the height pro-
files of the steps on the surface. We obtained that a step between the
same termination shows a step height of n unit cells. The steps between
two different terminations show a step height of n + 12 , but contains a
large error. In LEEM, we performed dark field experiments on STO. We
find that the 2× 2 reconstruction belongs to the SrO-termination and that
the
√
13×√13 R33.7 reconstruction belongs to the TiO2-termination. We
made multi dark-field images of non HF-etched STO and HF-etched STO.
We observed that HF-etched STO showed larger domains inside the TiO2-
termination and that HF-etched shows a ’cleaner’ LEED pattern, indicat-
ing a more ordered surface.
Secondly, we looked at the work function difference between SrO and
TiO2. We used three methods for this. Firstly, we used Energy-filtered
PEEM. We had very few electrons, so it was hard to determine a work
function difference. Therefore we think this method is not sufficient. Sec-
ondly, we used Intensity-Voltage (IV) curves in LEEM to look at the work
function difference. Close to the mirror mode transition this should be ob-
servable. However, we recognized that the position where the IV-curve is
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measured really determines the IV-curves itself because of the electric field
induced by the work function difference between the terminations. This
pointed us toward the third method: simulations. Simulating the part be-
tween the objective lens and the sample, we found that a work function
of 3.0 eV is not likely. However, it is also here hard to determine the exact
value of the work function difference. Although further research is needed
for this, we could conclude from all three methods that this work function
difference is considerably lower than 3.0 eV.
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Outlook
In Chapter 5, we performed experiments to measure the work function
difference between the two terminations of STO. In Section 5.3, we used
simulations for this. The simulations show promising results, nevertheless
more research on this has to be done.
In the simulations we used four parameters: the defocus, the energy
scale, the landing energy and the work function. In the comparisons of
the simulated data with the measured data, we noticed that the sample
could be tilted. This introduces a fifth parameter: the incoming angle of
the electron beam, which we assumed to be 0 degrees. To improve the
comparison between measured and simulated data this angle should be
added as a parameter.
SIMION can also take relativity into account. Note that we then should
change the Python code for the extrapolation of the remaining distance
which we do not simulate. We compared simulations where we did not
take relativity into account with simulations where we only use relativity
in SIMION and did not use relativity in the Python code for the extrapola-
tion. This did not show a large difference. However, we think it is useful
to add relativity into the simulations.
The phase of an electron is also an important parameter we can take
care off. Note that if an electron is bent because of a work function differ-
ence, the incoming path is not the same anymore as the outcoming path.
This difference in path length will induce a difference of the phase of the
electron at z = 0. Van der Reep [30] performed simulations of the paths of
electrons to metallic disks and took the phase of the electron into account.
Besides looking by eye for the best simulated fit, a statistical numer-
ical value could be linked to this. When the simulations have the same
bin size as the measured data, the differences between the curves can be
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determined. By connecting a statistical number for each comparison, for
example the square root of sum of the square of the difference in intensi-
ties between measured and simulated data (
√
∆I21 + ∆I
2
2 + · · ·), the best
fit can be taken out of this. However, this might give wrong results since
a lower work function shows smaller peaks and therefore gives a lower
miscut value than a higher work function (see Figure 5.8).
To conclude, the simulations show promising results, but further im-
provement is recommended. To improve the simulations other parame-
ters such as the incoming angle, relativity and the phase can be taken into
account.
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Explanation simulation in more
detail
When performing simulations in SIMION, we are not able to simulate the
complete distance z = L between the objective lens and the sample. Since
we do not simulate the total distance, we only simulate a distance z =
`, we have to correct the kinetic energy U and the potentials V in our
simulations. The total kinetic energy and potential difference should be
the same as in the total situation.
The remaining distance z = L - ` is extrapolated via a Python code. The
position and velocity at z = L - ` is collected and using the situation of a
particle in a potential field, the electrons are extrapolated back to z = 0.
This setup is sketched in Figure A.1. The objective lens, having a po-
tential of 0 V, is placed at z = 0 and the sample, having a potential of−V, is
L
l
-V0
objective lens sample
z = 0
Figure A.1: Sketch of the setup of a one-dimensional simulation. We simulate a
distance z = `, whereas the total distance is z = L.
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placed at z = L. In SIMION a distance z = ` is simulated, whereas the total
distance to simulate is z = L. We know that the potential depends linear
on distance. Therefore, we can derive the following formula:
U(x) = UT − E · z
U(L− `) = UT − E · (L− `)
U(L− `) = UT − VL (L− `)
U(L− `) = UT −V
(
1− `
L
)
= kE (A.1)
where UT denotes the total kinetic energy for the distance z = L.
As an example, we take a look at the comparison with the paper of
Kennedy et al.: U is 20 000 eV and L is 2 mm. For ` = 20 µm, we can cal-
culate that the kinetic energy, kE, is equal to 20 000 −19 980.3996 = 19.6004
eV. We calculate the potentials as following: the potential at z = L - `, which
represents the objective lens, is always set to 0 Volt. The potentials at z = L
are calculated by the formula:
V = VT −VT
(
1− `
L
)
(A.2)
where V − T is the value of total potential for a distance z = L.
For the same example of ` = 20 µm, we can calculate that the poten-
tial is -20 000.4 + 19 980.3996 = -20.0004 V. The area which has a potential
difference of 0.3 V has a potential of -20.3004 V.
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Full data set of height profiles STO
In Table 4.1, the numerical values of the step heights from line 4 in Figure
4.2 is given. The statistical properties of the steps of all drawn lines are
shown in Table 4.2. In this appendix the full data set of all step heights can
be found.
Name Phase change From To Height (nm) Expected
height (nm)
line 1-7 No TiO2 TiO2 0.368 0.4
line 1-3 No TiO2 TiO2 0.369 0.4
line 4-8 No TiO2 TiO2 0.382 0.4
line 2-7 No TiO2 TiO2 0.386 0.4
line 3-7 No TiO2 TiO2 0.393 0.4
line 3-8 No TiO2 TiO2 0.409 0.4
line 4-9 No TiO2 TiO2 0.422 0.4
line 3-2 No TiO2 TiO2 0.427 0.4
line 3-4 No TiO2 TiO2 0.430 0.4
line 1-8 No TiO2 TiO2 0.432 0.4
line 2-8 No TiO2 TiO2 0.434 0.4
line 4-10 No TiO2 TiO2 0.437 0.4
line 1-6 No TiO2 TiO2 0.445 0.4
line 3-3 No TiO2 TiO2 0.445 0.4
line 4-3 No TiO2 TiO2 0.445 0.4
line 3-9 No TiO2 TiO2 0.446 0.4
line 4-4 No TiO2 TiO2 0.446 0.4
line 4-5 No TiO2 TiO2 0.490 0.4
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Name Phase change From To Height (nm) Expected
height (nm)
line 1-2 Yes SrO TiO2 0.175 0.2
line 3-1 Yes SrO TiO2 0.440 0.6
line 2-4 Yes SrO TiO2 0.498 0.6
line 2-2 Yes SrO TiO2 0.499 0.6
line 4-2 Yes SrO TiO2 0.509 0.6
line 2-6 Yes SrO TiO2 0.511 0.6
line 1-10 Yes SrO TiO2 0.535 0.6
line 3-6 Yes SrO TiO2 0.917 1.0
line 1-5 Yes SrO TiO2 0.975 1.0
line 4-7 Yes SrO TiO2 0.983 1.0
line 1-9 Yes TiO2 SrO 0.276 0.2
line 4-1 Yes TiO2 SrO 0.276 0.2
line 2-1 Yes TiO2 SrO 0.284 0.2
line 4-6 Yes TiO2 SrO 0.284 0.2
line 2-5 Yes TiO2 SrO 0.340 0.2
line 3-10 Yes TiO2 SrO 0.343 0.2
line 3-5 Yes TiO2 SrO 0.347 0.2
line 1-1 Yes TiO2 SrO 0.375 0.2
line 1-4 Yes TiO2 SrO 0.379 0.2
line 2-3 Yes TiO2 SrO 0.380 0.2
Table B.1: Full data set of the numerical values of the step heights of the four lines
drawn in Figure 4.2. The first column gives the name of the step (line-number
of step, counting from left to right in the image). The second column shows if
there is a change in phase at this step and the third column shows what the two
terminations around this step are. In the last two columns, the height and the
expected height are given.
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